INTRODUCTION {#sec0005}
============

Alzheimer's disease (AD) is a slow, progressive neurodegenerative disease defined by the presence of two hallmarks: β-amyloidosis and neurofibrillary degeneration mainly composed of amyloid-β and hyperphosphorylated tau, respectively. Synaptic deficit, neuronal loss, white matter loss, inflammation, and oxidative stress are other features of this disease \[[@ref001]\]. Clinically, AD is defined by cognitive impairment and memory loss with recent memories lost first, followed by old memories when the disease progresses along with personality change. Despite being a major public health problem and dilemma in the US and worldwide, no effective disease-modifying therapy is, at present, available to treat AD. Currently, the only approved drugs to treat AD are five cholinomimetics and one NMDA receptor antagonist. These drugs are not able to slow or halt the progression of the disease; these drugs only temporarily relieve cognitive symptoms and their efficacy varies from person to person. They are usually administered as palliative therapy to slow down the deterioration of the quality of life for patients who are admitted in the nursing homes and receive dementia care.

AD is the most common cause of dementia. It accounts for 60--80% of all cases. Almost 50 million people worldwide suffer from AD and this number is projected to triple by 2050. In the US alone, AD affects around 5.4 million people and this number is projected to increase to 13.4 million by mid-century. Currently, in the US, a new case of AD is recorded every 66 s; by 2050, a new case would be recorded every 33 s, which means ∼1 million new cases per year if no treatment is developed. Between 2000--2013, deaths due to AD increased by 75% while deaths because of other diseases such as stroke, heart disease, and prostate cancer decreased by 23%, 14%, and 11%, respectively \[[@ref002]\].

The repeated failure to develop a drug for AD has led to the common belief that the treatment was initiated too late to be effective since brain changes start at least 20 years before the appearance of the first clinical symptoms \[[@ref002]\]. This has led the field to focus on measures that can prevent AD at the very early stages. The timing of the treatment is considered a possible factor in the success of the development of new drugs since still reversible and less established pathological processes would be targeted \[[@ref004]\]. This urges the development of new and effective diagnostic tools to detect AD in its very early stage \[[@ref005]\]. More and more human and animal research show that during the early stages of the disease and before the appearance of the first clinical symptoms, the brain compensates for the damage and is able to maintain a reasonably normal function. Once certain neuronal and synaptic losses are reached, the brain can no longer compensate, resulting in memory loss and cognitive decline that become apparent and deteriorate when the disease progresses. Previous studies on AD patients showed that the brain attempts to repair itself by increasing neurogenesis and neuronal plasticity during the early stages of AD, but this attempt fails probably due to the lack of appropriate neurotrophic support \[[@ref006]\]. In this article, we review studies recently published from our laboratory that show a novel therapeutic strategy in which we boost the neurotrophic environment of the diseased brain by providing neurotrophic support during the compensation period to help the brain's self-repair attempts materialize into successful neurogenesis and synaptic plasticity and reversal of cognitive impairment.

ETHIOPAGONESIS OF AD AND RISK FACTORS {#sec0010}
=====================================

AD is a disease that has a multifactorial nature which apparently involves several ethiopagenic mechanisms, and it is accompanied by severe neuronal loss and synaptic deficit in the limbic and neocortical areas \[[@ref009]\]. AD can be sporadic or familial. The sporadic form starts at \>65 years and represents more than 95--99% of the AD cases. The exact causes of the sporadic form are still unknown and not yet understood. The remaining \<5% of the AD cases are the early-onset familial form, which are genetically inherited through the mutation in one of three genes, the amyloid precursor protein (*APP*), presenilin1 (*PS1*), or presenilin2 (*PS2*) \[[@ref010]\]. Usually, the inherited form of the disease tends to be aggressive, has early onset as early as age ∼30 years \[[@ref002]\], and follows a Mendelian pattern of inheritance \[[@ref012]\]. Indeed, mutations in *PS1* or *APP* are known to be associated with a complete penetrance which means that an individual who inherits a mutation in one of these genes is guaranteed to develop AD. While mutation in *PS2* has a 95% penetrance and thus not every person who has the mutation develops the disease.

Age is a major risk factor for AD. Around 5% of those with AD are aged 65--74, while ∼45% are aged 75--84. However, AD is not a normal aging process and aging by itself does not cause AD \[[@ref002]\]. This suggests that the age-associated biological processes may be implicated in the development of the disease \[[@ref013]\]. Genetic susceptibility such as inheriting the APOE4 gene increases the risk of having AD. Indeed, people who inherit one copy of the APOE4 *ɛ*4 allele have a 3.5-fold higher risk of developing AD, while having two copies of the APOE4 *ɛ*4 allele increases the risk by 8--15-fold. The APOE4 *ɛ*4 is present in ∼14% of the general population and in 40--60% of all cases of AD as one or two copies \[[@ref002]\]. The presence of each copy of the APOE *ɛ*4 allele lowers the age of onset of AD by 6--7 years in a dose-dependent manner \[[@ref013]\]. However, the presence of the *ɛ*4 allele is not sufficient or necessary to develop AD \[[@ref012]\]. While the presence of the APOE *ɛ*4 gene is considered a risk factor to develop AD, having the APOE *ɛ*2 allele which is present in ∼8.4% of the general population is considered to exert a protective effect against developing AD.

Several other factors are believed to increase the risk of developing AD such as having stroke, high blood pressure and increase in cholesterol in mid-life, type II diabetes, moderate and severe traumatic brain injury, amnestic mild cognitive impairment (aMCI), vitamin deficiency, smoking and cerebrovascular diseases such as hemorrhagic infarcts, small and large ischemic infarcts, and vasculopathies \[[@ref013]\].

DIFFERENT CLINICAL STAGES OF AD {#sec0015}
===============================

AD is believed to have three clinical stages.

*The prodromal stage* is considered to last for a relatively long period of one or two decades during which there are some subtle brain changes for people who are destined to have dementia but no appearance of clinical symptoms; AD in Down's syndrome can have a prodromal stage of several decades. During this stage, there is a significant Aβ deposition, less significant tau aggregation, and minimal synaptic and neuronal loss \[[@ref014]\]. This stage is considered to be perfect to start the primary prevention which is believed to delay the onset of the disease. However, due to the lack of the appropriate diagnostic tool such as a reliable biomarker or a genetic component it is very hard to identify when the disease starts.

*The mild cognitive impairment stage* (MCI) can last for a long period and it varies from person to person. It is characterized by the appearance of MCI and pathological changes that could be measurable by MRI, PET scans, or postmortem analysis. During this stage, neuronal loss, axonal loss, synaptic loss, and dysfunction reach beyond a certain threshold with further increase in tau pathology and Aβ~42~ deposition \[[@ref014]\]. Usually this period is considered as transitional between normal aging and dementia \[[@ref015]\]. There are two types of MCI: aMCI and non amnestic MCI; 10--15% of the aMCI progress to AD/dementia per annum. This stage is considered ideal for a secondary intervention in which one could delay the progression of the disease from its earliest symptoms to the full-blown disease.

*AD/dementia stage*: During this stage, the clinical symptoms become quite apparent with steady and progressive cognitive decline as well as the appearance of the neuropathological features such as Aβ plaques, neurofibrillary tangles (NFT), neurodegeneration, synaptic loss, neuroinflammation, and oxidative stress \[[@ref016]\]. Medical intervention at this stage may be least effective since a massive synaptic and neuronal loss is already reached and it may or may not be reversed.

NEURONAL AND SYNAPTIC LOSS AND COGNITIVE IMPAIRMENT IN AD {#sec0020}
=========================================================

Both histopathological hallmarks of AD, NFT and Aβ plaques, are also seen in non-demented aged individuals. The density and topographical localization of NFT are important parameters in histopathological diagnosis of AD \[[@ref017]\]. In normal subjects, NFT are localized to some subcortical regions such as the medial temporal lobe while in AD they have a widespread presence in several neocortical areas. Furthermore, the increase in the density of NFT strongly correlates with the severity of cognitive impairment \[[@ref017]\]. In an advanced stage of the disease, NFT tend to correlate both with the region in which neurons die and with the impaired cognitive domains. Indeed, in early stages (Braak stages III-IV) where NFT are localized to the areas of the medial temporal lobes, the memory component is affected; while at more advanced stages (Braak stages V-VI) when NFT spread to the neocortical areas, other cognitive domains such as executive functions, visuospatial domains, and speech become affected. Aβ plaques on the other hand are present in a high proportion of elderly individuals that are not demented. Neuritic plaques and diffuse plaques are two types of the Aβ plaques. Neuritic plaques are an important subtype of the Aβ plaques that are more associated with cognitive impairment than diffuse plaques. They are usually surrounded by degenerated axons and dendrites that contain aggregates of hyperphosphorylated tau. However, the presence of Aβ plaques alone is not sufficient to develop AD dementia. The distribution of Aβ plaques in AD patients starts in the neocortex and, as the disease advances, spreads to the hippocampus, entorhinal cortex, cingulate cortex, amygdala, basal ganglia, diencephalon, midbrain, medulla oblongata, and finally pons and cerebellum \[[@ref021]\].

Although Aβ and tau pathologies are the two major histopathological hallmarks of AD, it has been proposed that the very early stages of the disease starts with synaptic dysfunction followed by neuronal loss and then Aβ and tau pathologies and cognitive impairment at an advanced stage \[[@ref022]\]. Synaptic loss has been shown to be a consistent feature that differentiates demented from non-demented people and it correlates well with the severity of dementia \[[@ref023]\]. It was also shown to correlate with other types of dementia and with the decline in cognitive performance in normal cognitive aging \[[@ref026]\]. A decrease of 25--30% in the number of synapses was previously reported in frontal and temporal cortical biopsies and ∼15--35% loss in the number of synapses per neuron within 2--4 years of the onset of AD \[[@ref027]\]. The major synaptic loss, however, happens in the hippocampus where it reaches 44% to 55% \[[@ref028]\]. Synaptic loss is thought to start first in the entorhinal cortex with the dendrites undergoing degeneration since they make up to 90% of synaptic contacts. Synaptic loss was shown to not only happen in the degenerated neurons but also in the still surviving neurons, and the major synaptic loss happens very early in the AD process \[[@ref027]\]. The ratio of synapses to neurons decrease by 48% \[[@ref030]\]. Since surviving neurons account for ∼38% of synaptic loss, it is believed that cognitive impairment happens not only because of the synaptic loss but also because of the impaired capacity of the surviving synapses.

Since in normal aging, brain mass loss/year is estimated to be ∼0.5% and in AD it is 5-fold higher, neuronal loss represents a major pathological component of AD \[[@ref031]\]. Indeed, brain mass loss is estimated to be 200--400 g for 7--10 years of disease progression \[[@ref032]\]. The hippocampus is the major area that undergoes severe neuronal loss with atrophy reaching up to 10% per year. More than 50% of the neurons in the hippocampus are lost and the loss increases with the severity of the disease. Thus, many studies suggest that the progression and the severity of the disease directly correlates with neuronal loss \[[@ref033]\] and synaptic dysfunction, especially the decrease in the presynaptic marker, synaptophysin, and with the increase in the number of NFT in the hippocampus, entorhinal cortex, and association cortices \[[@ref023]\].

SYNAPTIC AND NEURONAL COMPENSATION DURING EARLY STAGES OF THE DISEASE AND THE WINDOW OF THERAPEUTIC INTERVENTION {#sec0025}
================================================================================================================

In spite of the neuronal and synaptic loss during the progression of the disease, at the very early stages there is still some residual plasticity of the brain. Indeed, neurodegeneration and compensation often co-exist at the stage of aMCI which represents a transitional stage between normal cognitive aging and dementia \[[@ref036]\]. Functional connectivity decreases between posterior cingulate cortex and regions with the default network such as superior frontal gyrus and middle frontal gyrus, and it is compensated by increased connectivity between posterior cingulate cortex, medial prefrontal cortex, and anterior cingulate cortex \[[@ref037]\]. This compensation due to a large intracranial volume (ICV) seems to help the brain during aMCI and early clinical stages of AD, but this effect is no longer effective after a certain threshold of neuronal and synaptic loss is reached at an advanced stage of the disease. The compensation due to the ICV may be because large brain size is accompanied by an increase in the number of synapses, an increase in the synapse/neurons count, or better connectivity \[[@ref036]\]. Cognitively active people also seem to be more protected and bear more pathological changes before the onset of dementia than less cognitively active people. However, at the onset of dementia, the rate of progression of AD in cognitively active people is fast and the pathological burden is high \[[@ref038]\]. Synaptic and neuronal compensation during the very early stages of the disease does happen in early AD stages and in AD transgenic mice. In demented \>90-year-old individuals, a decrease in the synaptophysin in the frontal cortex was found, while in cognitively impaired non-demented individuals, an increase in the expression of synaptophysin was seen \[[@ref040]\]. This suggests that synaptic compensation counteracts for synaptic loss and accounts for the preserved cognition in the presence of extensive pathology. In the Rush Religious Orders Study, an increase in the level of synaptophysin was reported in the superior frontal cortex of MCI patients compared to normal individuals \[[@ref039]\]. An increase in the level of synaptophysin in elderly people with extensive pathology and spared cognition was reported compared to patients diagnosed with AD and dementia \[[@ref040]\]. The increase in the level of synaptophysin does not necessarily mean an increase in the number of synapses but it can mean an increase in the synaptic size to keep the total synaptic area intact \[[@ref025]\]. An increase in the level of synaptophysin and SNAP-23 in minimal to mild grades of dementia at Braak stage 3 and an increase in the expression of MAP2 and *α*-synuclein at Braak stage 4 in the neocortex of AD patients compared to controls were reported \[[@ref006]\]. Furthermore, an increase in the level of PSD-95 and a decrease in the level of synaptophysin in AD cases compared to age-matched controls was found \[[@ref042]\]. Similarly, an increase in the number of glutamatergic buttons in the midfrontal gyrus in MCI patients was reported \[[@ref044]\].

Synaptic compensation in animal models of AD was also reported. For example, in the APP ~K670N,M671L~ + PSl~M146L~ double transgenic mice an increase in the synaptophysin and cholinergic buttons in the plaque proximity that decreases with the progression of the disease was found \[[@ref045]\]. Similarly an increase in the level of PSD-95 and GluR1 in spatial-reference memory impaired rats was reported \[[@ref047]\]. Consistent with these studies, we found an increase in the level of different synaptic, dendritic, and neuronal markers following synaptic deficit in the 3xTg-AD mouse model of AD that harbors three different mutations APP~Swe~, P301L, and PS1 knock-in \[[@ref048]\]. Indeed, we found that at 12 weeks of age the 3xTg-AD mice show synaptic deficit that is compensated for from 13--16 weeks. We further found that the decrease in the level and expression of the synaptic markers was associated with spatial reference memory impairment and that the increase in their level due to synaptic compensation was associated with a partial rescue of spatial reference memory impairment in the Morris water maze in the learning phase but not in the retention phase. These findings led us to speculate that in the early stages of the disease the AD brain tries to repair itself by saving the intact synapses and increasing the expression of synaptic and dendritic markers. However, probably due to lack of appropriate neurotrophic support, the attempt to compensate for synaptic and neuronal loss and rescue cognitive impairment is unsuccessful \[[@ref007]\].

BOOSTING THE NEUROTROPHIC ENVIRONMENT TO HELP THE BRAIN'S SELF-REPAIR ATTEMPT WITH A NEUROTROPHIC COMPOUND {#sec0030}
==========================================================================================================

We postulated that pharmacological treatment with a neurotrophic compound during the synaptic compensation period would be able to prevent synaptic and neuronal deficit inhibit Aβ and tau pathologies and rescue cognitive impairment. To test this hypothesis, we treated 3xTg-AD mice with an orally bioavailable neurotrophic compound P021 during the period of synaptic compensation.

P021 is a tetra-peptide derived from the most active region of the ciliary neurotrophic factor (CNTF). P021 is admantylated on its C-terminal to decrease its degradation by exopeptidases and increase its blood-brain barrier permeability. P021 acts by competitively inhibiting the Leukemia Inhibitory factor (LIF) signaling and by increasing the BDNF expression through increasing its transcription \[[@ref050]\]. Furthermore, P021 inhibits Aβ and tau pathologies by inhibiting the GSK3β through the activation of its phosphorylation on Ser-9 by the BDNF. GSK3β is a major tau kinase inhibition of which decreases tau's hyperphosphorylation and the amyloidogenic processing of AβPP \[[@ref052]\].

Previously studies from our laboratory showed that neurotrophic compound P021 as well as its parent molecule Peptide 6 can increase neurogenesis and synaptic plasticity, improve cognitive performance of C57BL6 wild type mice, and rescue cognitive impairment in 3xTg-AD mouse model of AD, in a rat model of sporadic AD, in a rat model of cognitive aging, and in a mouse model of mild traumatic brain injury \[[@ref050]\]. We further found that P021 was able to rescue tau and Aβ pathologies at an advanced stage of pathology in 3xTg-AD mice \[[@ref051]\]. In a recent study we found that by providing P021 during the synaptic compensation period we could rescue synaptic deficit, increase neurogenesis, prevent cognitive impairment, and inhibit neurodegeneration as well as Aβ and tau pathologies at different stages of the disease \[[@ref049]\]. We further found that chronic treatment with P021 for 18 months could dramatically decrease the mortality level in 3xTg-AD mice. These preventive effects with P021 were found with no apparent side effects such as a decrease in food intake or body weight. Our studies show that early intervention with a neurotrophic compound can prevent synaptic and neuronal loss, cognitive impairment, Aβ and tau pathologies, and decrease mortality in a transgenic mouse model of AD. The prevention of tau and Aβ pathologies by chronic treatment with P021 found by us in 3xTg-AD mice was most likely secondary to the enhancement of neuronal connectivity. Our studies on passive immunization with antibodies to the amino-terminal domain of tau showed inhibition of both tau and Aβ pathologies and reversal of cognitive impairment in 3xTg-AD mice \[[@ref062]\]. We believe that the beneficial therapeutic effect of both P021 and tau immunization most likely involves enhancement of neuronal connectivity. While tau immunotherapy could be effective only after the occurrence of tau pathology, treatment with a neurotrophic molecule like P021 can be employed even before any tau or Aβ pathology as a primary prevention approach ([Fig. 1](#jad-62-jad170839-g001){ref-type="fig"}).

![A diagrammatic representation of AD neurofibrillary degeneration and beneficial therapeutic effect of neurotrophic compound P021 and immunization with antibodies to amino-terminal projection domain of tau. Dendrite and synaptic degeneration associated with formation of intraneuronal tau (in red) and Aβ (intraneuronal as black dots and extracellular as plaques) pathologies is a hallmark of AD. Increase in dendritogenesis and synaptogenesis (shown in green) can prevent loss of neuronal connectivity and thereby inhibit tau and Aβ pathologies, especially if the neurotrophic support such as P021is provided before any pathology. Clearance of tau pathology by passive immunization probably rescues neuronal connectivity deficit and consequently prevents Aβ pathology by inhibiting the amyloidogenic processing of AβPP. a.tau, anti tau.](jad-62-jad170839-g001){#jad-62-jad170839-g001}

In conclusion, recent findings suggest that the timing of intervention to treat AD is very important in developing an effective drug that has a disease modifying effect. Starting an intervention, especially preceding or at a very early stage in the disease process during the synaptic and neuronal compensation period when the brain still has the capacity of self-repair, is a promising therapeutic approach. We hypothesize that the therapeutic beneficial effect of both tau immunotherapy and P021 treatment probably involves enhancement of neuronal connectivity. Removal of hyperphosphorylated tau by immunotherapy inhibits retrograde neurodegeneration and enables the affected neurons to form new functional connections. P021 treatment enhances dendritogenesis and synaptogenesis which prevents accumulation and hyperphosphorylation of tau.
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